Dysregulated bile acid (BA) synthesis or reduced farnesoid X receptor (FXR) levels are found in patients having metabolic diseases, autoimmune hepatitis, and liver cirrhosis or cancer. The objective of this study was to establish the relationship between butyrate and dysregulated BA synthesis-induced hepatitis as well as the effect of butyrate in reversing the liver pathology. Wild-type (WT) and FXR knockout (KO) male mice were placed on a control (CD) or western diet (WD) for 15 months. In the presence or absence of butyrate supplementation, feces obtained from 15-month-old WD-fed FXR KO mice, which had severe hepatitis and liver tumors, were transplanted to 7-month-old WD-fed FXR KO for 3 months. Hepatic phenotypes, microbiota profile, and BA composition were analyzed. Butyrate-generating bacteria and colonic butyrate concentration were reduced due to FXR inactivation and further reduced by WD intake. In addition, WD-fed FXR KO male mice had the highest concentration of hepatic -muricholic acid (-MCA) and bacteria-generated deoxycholic acid (DCA) accompanied by serious hepatitis. Moreover, dysregulated BA and reduced SCFA signaling co-existed in both human liver cancers and WD-fed FXR KO mice. Microbiota transplantation using butyrate-deficient feces derived from 15-month-old WD-fed FXR KO mice increased hepatic lymphocyte numbers as well as hepatic -MCA and DCA concentrations. Furthermore, butyrate supplementation reduced hepatic -MCA as well as DCA and eliminated hepatic lymphocyte infiltration. In conclusion, reduced butyrate contributes to the development of hepatitis in the FXR KO mouse model. In addition, butyrate reverses dysregulated BA synthesis and its associated hepatitis.
Introduction
Dysregulated bile acid (BA) synthesis is implicated in the development of metabolic disease, autoimmune hepatitis, hepatic cirrhosis, and liver cancer [1] [2] [3] [4] . Moreover, patients who have severe liver cirrhosis or cancer have reduced BA receptor, farnesoid X receptor (FXR) [5, 6] . Consistently, FXR knockout (KO) mice that have dysregulated BA synthesis develop hepatitis and liver cancer spontaneously, and using cholestyramine to deplete BAs prohibits hepatic tumorigenesis in FXR KO mice [7] [8] [9] [10] [11] . In contrast to the whole body FXR KO mice, hepatocyte-specific FXR KO mice do not spontaneously develop liver cancer, and intestinal FXR KO mice are protected from diet-induced obesity 432 L Sheng et al investigated. The current study examines the effect of bacteria-generated butyrate in the development of hepatitis induced by dysregulated BAs in FXR KO mice as well as its effect in normalizing dysregulated BA-associated hepatitis.
The liver receives 70% of its blood supply from the intestine and is constantly exposed to intestinal-derived metabolites. Therefore, gut-derived signaling has a significant impact on liver pathology [4, 24] . Commensal Gram-positive microbiota generates short-chain fatty acids (SCFAs) via fermentation of indigestible fibers. These SCFAs are not only important for gut but also affect the function of peripheral tissues. The detection of SCFA receptors, FFAR3 (GPR41), FFAR2 (GPR43), and HCAR2 (GPR109A), in adipose tissue, skeletal muscle, and liver implicates the involvement of SCFAs in peripheral tissues. Among the SCFAs, butyrate has an apparent histone deacetylase (HDAC) inhibitory property that is used to combat cancer [25, 26] . Butyrate is also an energy source for colonocytes, and it increases tight junction proteins to reduce gut permeability [27] . Moreover, butyrate has anti-inflammatory as well as apoptotic effects and has been shown to be effective in colon cancer prevention as well as treatment [28] . However, the hepatic concentration of butyrate is very low. The role of butyrate in liver disease development and prevention remains to be studied.
The current study examines the relationship between dysregulated BA synthesis and butyrate signaling. Our novel findings revealed that FXR KO mice had reduced butyrate-generating bacteria and western diet (WD) intake further decreased them. In addition, hepatitis can be induced through oral microbiota transplantation of butyrate-deficient feces. Furthermore, butyrate supplementation prevented hepatitis induced by dysregulated BA synthesis. Moreover, our novel data revealed that dysregulated BA and reduced SCFA signaling co-exist in human hepatocellular carcinoma as well as in WD-fed FXR KO mice.
Materials and methods

Mice
C57BL/6 wild-type (WT) (Jackson Laboratory, Sacramento, CA, USA) and whole body FXR KO male mice [29] were given a WD (21% fat, 34% sucrose, and 0.2% cholesterol, w/w) or control diet (CD; 5% fat, 12% sucrose, and 0.01% cholesterol, w/w) from Harlan Teklad (Indianapolis, IN, USA) after weaning (3 weeks) and were euthanized at the age of 15 months. Experiments were conducted under protocols approved by the Institutional Animal Care and Use Committee of the University of California, Davis.
Fecal microbiota transplantation (FMT) and butyrate supplementation
Feces were collected from 15-month-old WD-fed FXR KO male mice. Fresh feces obtained from six mice were pooled in sterile phosphate-buffered saline (PBS). For FMT, 7-month-old WD-fed FXR KO male mice received PBS (control group) or pooled fecal material (30 mg feces/200 μl, FMT group) by oral gavage once a week for 3 months. Additionally, both control and FMT groups were divided into two sub-groups receiving or not receiving sodium butyrate (1 g/kg body weight via oral gavage, once a week for 3 months). Mice were euthanized when they were 10 months old.
Human specimens
Frozen liver cancer and normal livers, as confirmed by histological evaluation, were obtained from the Translational Pathology Core Laboratory Shared Resource at University of California, Los Angeles (UCLA). The tissue procurement process was approved by the UCLA Institutional Review Board with protocol number 11-2504 approved on 1 February 2011.
Quantification of bile acids
Liver tissue (50-100 mg) was collected from fed-state mice with gallbladder removed following BA extraction [30] . Hepatic BAs were quantified using a Prominence TM UFLC system (Shimadzu, Kyoto, Japan) coupled to an API 4000 QTRAP TM mass spectrometer (ABSciex, Redwood City, CA, USA) operated in the negative ionization mode. Chromatography was performed on a Kinetex C18 column (50 mm × 2.1 mm, 2.6 μm) maintained at 40 ∘ C preceded by a high-pressure column pre-filter. The mobile phase consisted of a methanol gradient delivered at a flow rate of 0.4 ml/min [16, 31, 32] .
Gene expression profiling
RNA was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA), and cDNA was synthesized by reverse transcription (RT) using a High Capacity RNA-to-cDNA Kit (Applied Biosystems, Foster City, CA, USA). Quantitative PCR (qPCR) was performed on an ABI 7900HT Fast Real-time PCR system using Power SYBR ® Green PCR Master Mix (Applied Biosystems). Primers were designed using Primer3 Input Software (v0.4.0) and are listed in the supplementary material, Table S1 . The mRNA levels were normalized to the level of Gapdh mRNA.
Sample preparation and 1 H-NMR spectroscopic analysis
Butyrate and hepatitis 433 data size was 64k and the relaxation delay was 2 s. A total of 64 scans were used to average out the signal and eight dummy scans were used before the acquisition pulse. Identification and quantification of metabolites were accomplished using Chenomx NMR Suite 7.6 (Chenomx, Inc, Edmonton, Alberta, Canada).
Quantification of proteins
Hepatic protein lysates (40 mg) were subjected to polyacrylamide gel electrophoresis under reducing conditions followed by transfer to polyvinylidene difluoride membranes. The membranes were incubated with 5% non-fat milk followed by an antibody. Quantification of bacterial DNA and 16S rRNA gene sequencing DNA was extracted from 0.1 g fecal samples using a ZR Fecal DNA MiniPrep Kit (Zymo Research, Irvine, CA, USA), quantified by a NanoDrop 8000 (Thermo Fisher Scientific), and amplified using primers based on published sequences [34] [35] [36] (supplementary material, Table S2 ). A dissociation step was included to analyze the melting profile of amplified products. In parallel, qPCR was carried out using ten-fold serial diluted synthetic DNA fragments of a bacterial gene with known concentrations. Bacterial DNA concentration was calculated using standard curves of diluted synthetic DNA fragments. Sequencing of tagged 16S rRNA gene amplicons of fecal DNA was carried out based on published methods [37] . The V4 region of the 16S rRNA gene was amplified and sequenced using Illumina MiSeq.
Bioinformatics and statistical analysis
Sequence reads were analyzed using QIIME software. Spearman's correlations were performed with R Statistical Software. Data are expressed as mean ± SD.
Differences between groups in microbiota family level were calculated using a Kruskal-Wallis test. All other comparisons were calculated using two-tailed Student's t-tests or one-way ANOVA followed by Tukey's test within GraphPad Prism 6 software (GraphPad Software, Inc, La Jolla, CA, USA). P values were adjusted for multiple comparisons using a false discovery rate. P < 0.05 was considered statistically significant.
Results
Hepatitis and tumor formation in WD-fed FXR KO mice
When mice were 15 months old, both WD-fed WT and CD-fed FXR KO male mice had hepatitis ( Figure 1A and supplementary material, Figure S1A ). However, only WD-fed FXR KO mice had grossly visible tumors ( Figure 1A and supplementary material, Figure S1B ). Hepatocellular carcinomas (HCCs), focal fatty change, bile duct adenoma, and hepatocellular adenoma were noted in WD-fed FXR KO mice (supplementary material, Figure S1B ). WD intake increased the body weight and caused hepatomegaly in both WT and FXR KO mice ( Figure 1B , C). Serum lipopolysaccharide (LPS) concentration was higher in FXR KO mice than in WT mice when they consumed a WD ( Figure 1D ). Additionally, flow cytometry data revealed that WD-fed FXR KO mice had substantially increased splenic TNF macrophage abundance, indicating systemic inflammation ( Figure 1E ).
The effect of diet and FXR status on hepatic and gut inflammatory signaling WD and FXR inactivation significantly increased the hepatic mRNA levels of chemokine ligand 17 (Ccl17), ligand 20 (Ccl20), and ligand 2 (Ccl2), and WD-fed FXR KO mice had the highest levels ( Figure 2A ). Consistently, those genes are also highly induced in human HCC specimens [38] [39] [40] . WD intake and FXR deficiency also induced many other hepatic inflammatory genes, including Tnf (tumor necrosis factor), Timp1 (tissue inhibitor of metalloproteinases), and Icam1 (intercellular adhesion molecule 1). In addition, WD-fed FXR KO mice had the highest expression level of macrophage surface marker Adgre1 (F4/80) and T-cell Cd4 (supplementary material, Figure S2A ). The markers of myofibroblasts including alpha-actin-2 (Acta2) and collagen type I alpha 1 (Col1a1) were also induced by WD intake and FXR deficiency, indicating the presence of an inflammation-driven fibrotic process ( Figure 2A) . Moreover, the increased Ccna2 (cyclin A2) mRNA was found in both WD-fed and FXR KO mice, and WD-fed FXR KO mice had the highest Ccna2 mRNA level, implying increased proliferation. Moreover, the mRNA levels of SCFA receptors, i.e. Ffar3, Frar2, and Hcar2, were reduced in WD-fed FXR KO mice (Figure 2A ). In the colon, increased expression of inflammatory genes, Ccl2, Il6, Nf-κB, and surface markers for inflammatory cells [Itgam (Cd11b), Cd8a, and Cd19] was apparent in WD-fed FXR KO mice ( Figure 2B and supplementary material, Figure S2B ). In addition, both WD intake and FXR inactivation reduced the mRNA levels of tight junction genes including Jam (junction adhesion molecule), Ocln (occludin), and Tjp1 (tight junction protein 1), suggesting increased gut permeability in WD-fed FXR KO mice. Furthermore, consistent with the data generated in the liver, the colonic mRNA levels of SCFA receptor genes were reduced due to WD intake as well as FXR deficiency.
Gut dysbiosis and reduced butyrate production caused by WD intake and FXR deficiency FXR inactivation significantly reduced the abundance of Firmicutes, but increased Proteobacteria and Bacteroidetes ( Figure 3A) . In contrast, WD intake increased the abundance of Firmicutes, but reduced Bacteroidetes in both WT and FXR KO mice ( Figure 3A) . Additionally, the Erysipelotrichaceae family under Firmicutes, known as butyrate-generating bacteria, was substantially reduced from 65% to less than 2%, due to lack of FXR ( Figure 3B ). Moreover, there was an impressive increase of Desulfovibrionaceae and Bacteroidaceae, which rose from 1% in WT mice to 10% in FXR KO mice. Furthermore, quantification of fecal bacterial genes revealed that FXR inactivation reduced the abundance of the butyrate-producing gene bcoA (butyryl-CoA:acetate CoA transferase) [35, 36] , which was further reduced by WD intake ( Figure 3C ). Conversely, the abundance of the secondary BA-generating gene baiJ [34] was increased by FXR inactivation and further increased by WD feeding ( Figure 3C ). Consistent with bacterial gene abundance data, the concentration of colonic butyrate was lowest in WD-fed FXR KO mice ( Figure 3D ). Moreover, there was a positive and significant correlated relationship between the abundance of Erysipelotrichaceae and colon butyrate concentration (r = 0.6586, p = 0.0016), as well as the abundance of Desulfovibrionaceae and serum endotoxin LPS level (r = 0.6651, p = 0.0014) ( Figure 3E ). Reduced expression of FXR and SCFA receptor genes in human HCC specimens
To understand the significance of FXR and SCFA signaling in liver cancers, the expression of FXR and its target as well as SCFA receptor genes was studied in 14 HCCs and 14 normal liver tissues, of which ten pairs were derived from HCC (T) and adjacent normal tissues (N) of ten patients. Among the 14 HCC patients, six had HBV, of which one also had a moderate alcohol drinking history (up to two drinks per day). Three patients had HCV, of which one patient also had steatosis. Among the other five patients, who did not have viral infection, three had steatosis or non-alcoholic steatohepatitis, and another patient had a moderate alcohol drinking history. One patient had no history of steato436 L Sheng et al level ( Figure 4A ). Additionally, our novel data revealed that HCCs had reduced expression of SCFA receptors, FFAR3, FFAR2, and HCAR2 ( Figure 4A ). These findings suggest the significant role of FXR as well as SCFA signaling in protecting the health of human livers.
Increased expression of SCFA receptor genes and reduced hepatic inflammatory genes due to butyrate supplementation
To study the effect of butyrate in vivo, WT mice were fed with butyrate (1 g/kg body weight) by oral gavage daily for 7 days. Butyrate increased the mRNA levels of SCFA receptor genes in the colon ( Figure 4B ). In addition, butyrate reduced colonic Il6, but increased the expression of tight junction genes, i.e. Tjp1, Ocln, and Jam ( Figure 4B ). Moreover, butyrate markedly reduced the expression of hepatic inflammation genes including Ccl17, Ccl20, Ccl2, Tnf , Timp1, and Il6 ( Figure 4C ). Furthermore, butyrate intake reduced hepatic Col1a1 and Acta2 as well as Ccna2, which was opposite to WD intake and lack of FXR shown in Figure 2 . The expression level of key hepatic metabolic regulators, i.e. Pparα (peroxisome proliferator-activated receptor α) and Pgc-1α (PPARγ coactivator 1α), was also induced by butyrate. Consistently, butyrate reduced hepatic TNF, TIMP1, IL6, ACTA2, and CCNA2 protein levels ( Figure 4D ). Together, butyrate exerts anti-inflammatory effects in the liver and colon.
The effect of butyrate-deficient feces and butyrate supplementation on the development of hepatitis
Because WD-fed FXR KO male mice had the most severe hepatic inflammation, the feces of 15-month-old male WD-fed FXR KO mice, which lacked butyrate-generating bacteria, were orally transplanted to 7-month-old male WD-fed FXR KO mice with or without butyrate supplementation. The transplantation was conducted once a week and hepatic lymphocyte infiltration increased after 3 months of FMT ( Figure 5A , B). Butyrate supplementation increased colon butyrate concentration ( Figure 5C ). In addition, butyrate supplementation abolished hepatic lymphocyte infiltration and reduced steatosis in mice with and without FMT ( Figure 5A , B and supplementary material, Figure S3 ). Consistent with the morphological data, FMT increased the expression of hepatic inflammatory genes as well as surface markers for different types of inflammatory cells [Ptprc (Cd45), Adgre1 (F4/80), Itgax (Cd11c), Cd4, and Cd8a], but reduced SCFA receptor genes. Additionally, butyrate intake reversed those changes ( Figure 5D and supplementary material, Figure S4A ). Western blot analysis showed that FMT increased hepatic protein levels of TNF and IL6, which were reduced by butyrate ( Figure 5E ). Hepatic pathway analysis revealed that transplantation of butyrate-deficient feces reduced the total p38 level, but butyrate increased the total as well as p-p38. In addition, butyrate reduced p-ERK1/2, but FMT of butyrate-deficient feces did not seem to influence total or p-ERK1/2. Moreover, total JNK and p-JNK were not changed by FMT or butyrate treatment ( Figure 5F ).
In the colon, FMT reduced the expression of tight junction as well as SCFA receptor genes, but increased pro-inflammatory genes (Il6, Tnf , and Nf-κB) and most studied surface markers of inflammatory cells. Moreover, butyrate was also able to reverse those changes that occurred in the gut ( Figure 5G and supplementary material, Figure S4B ).
Hepatic BAs affected by WD intake, FXR deactivation, fecal transplantation, and butyrate supplementation
Both WD intake and FXR deficiency altered the concentration of hepatic total as well as individual BAs ( Figure 6A ). Free β-muricholic acid (β-MCA) had the largest fold increase due to WD intake and lack of FXR when mice were 15 months old ( Figure 6A ). The toxic secondary BA, deoxycholic acid (DCA), also had a steady increase due to WD intake and FXR KO, and WD-fed FXR KO had the highest hepatic DCA concentration ( Figure 6A ). The pattern of change of hyodeoxycholic acid (HDCA) was similar to that of DCA. The changes of other BAs are shown in the supplementary material, Figure S5 .
Butyrate treatment did not change total hepatic BA and HDCA concentration ( Figure 6B ). However, butyrate supplementation reduced FMT-increased β-MCA and DCA ( Figure 6B ). Those changes were also consistent with the shift in the abundance of bacterial gene baiJ ( Figure 6C ). In addition, butyrate did not cause a significant change for other BAs (data not shown). Furthermore, correlation analysis revealed that the concentrations of hepatic β-MCA and DCA were negatively correlated with colonic butyrate concentration (r = −0.4582, p = 0.0084 and r = −0.4627, p = 0.0077, respectively), but were positively associated with serum LPS level (r = 0.6533, p < 0.0001 and r = 0.5778, p = 0.0005, respectively) in both 15-month-old and FMT mice ( Figure 6D ).
Discussion
This study revealed for the first time that reduced butyrate-generating bacteria as well as SCFA signaling is associated with deactivation of FXR and WD intake-induced hepatitis. Microbiota transplantation using feces that lack butyrate-generating bacteria increased hepatic inflammation. Additionally, butyrate intake abolished hepatic inflammation caused by FXR inactivation-associated dysregulated BA synthesis. The significance of BA dysregulation in contributing to liver diseases has been revealed [1] [2] [3] [4] . Our novel data showed that butyrate can reverse some of the most significant changes in BA production caused by WD intake and FXR inactivation as well as their associated for each gene) . In the 28 liver specimens studied, ten pairs were derived from HCC and adjacent normal tissues of the same patients (right figure for each gene). Colonic (B) and hepatic (C) gene expression in 2-month-old wild-type male mice with and without sodium butyrate supplementation (1 g/kg body weight, oral gavage, daily for 7 days). n = 4 per group. (D) Hepatic protein levels of the same mice described in C. Data are expressed as mean ± SD. Two-tailed Student's t-test. *p < 0.05; **p < 0.01; ***p < 0.001. pathology, i.e. hepatic inflammation. These findings clearly indicate the importance of butyrate as well as butyrate-generating bacteria in maintaining liver health, which has not been established before.
The potential effect of butyrate in the liver
Butyrate is present in dietary products such as cottage cheese. In addition, butyrate and other SCFAs are produced by fermentation of indigestible fibers in the gut. Among acetate, butyrate, and propionate, butyrate supplies ∼60-70% of the energy required by colonocytes, and butyrate plays a key role in maintaining gut epithelial integrity [41] . Butyrate, together with acetate and propionate, can transfer from the gut and be used by the liver [42] . Butyrate is metabolized directly by the hepatocytes [43] . Thus, the effect of butyrate on hepatic inflammatory and metabolic signaling can be direct or secondary through improving gut health. It is also possible that increased butyrate may change the concentration of acetate and propionate, which in turn affects liver health. Those possibilities warrant further investigation.
Among the three SCFA receptors, HCAR2 is butyrate and niacin-specific. FFAR3 is preferentially activated by propionate followed by butyrate and acetate, while FFAR2 can be activated by all three SCFAs [41] . Our novel data showed that the expression of all three SCFA receptors was reduced in the liver and gut of WD-fed FXR KO mice, indicating an interactive effect between dysregulated BA synthesis and SCFA signaling. Additionally, our data for the first time revealed that butyrate intake increased the expression of all three SCFA receptor genes in the gut, which was correlated with reduced inflammation in the gut and liver. These findings suggested that butyrate might be able to increase acetate as well as propionate signaling. Consistent with animal models, data generated using clinical specimens revealed that HCC specimens also have reduced SCFA receptors as well as FXR signaling, again linking these two signaling pathways together. Butyrate potentially can be used for colon cancer prevention and treatment [28] . The effect of SCFAs in liver cancer prevention and treatment should be explored.
The anti-inflammatory effect of butyrate is in part due to its ability to increase the expression of tight junction and prevent leaky gut. Its beneficial effect can also be due to increased metabolism that reduces oxidative stress. Additionally, butyrate has an HDAC inhibitory property, which reduces inflammation through epigenetic mechanisms [25] . Moreover, butyrate has anti-inflammatory effects in monocytes, macrophages, osteoblasts, or skin tissue via ERK1/2 deactivation [44] [45] [46] [47] [48] . Furthermore, butyrate activates p38, which may contribute to increased PGC-1α activity [49, 50] . Consistently, our data revealed that butyrate intake increased both total and activated p38. Our data also suggested that dysregulated BA synthesis may contribute to hepatic p38 deactivation.
Gut dysbiosis and hepatic inflammation
The reduced relative abundance of Erysipelotrichaceae (from 65% to 2%) and increased Bacteroidaceae (from 1% to 10%) can account for the substantial change of Firmicutes and Bacteroidetes, respectively. Erysipelotrichaceae is involved in BA deconjugation and butyrate production [51, 52] . Reduced Erysipelotrichaceae was found in patients with Crohn's disease [53] . In addition, there was a strong positive correlation between butyrate concentration and Erysipelotrichaceae abundance, suggesting the impact of Erysipelotrichaceae on hepatic inflammation. However, reduction of Erysipelotrichaceae was FXR deficiency-specific because WD intake did not further reduce the abundance of Erysipelotrichaceae. Thus, there might be other butyrate-generating bacteria that account for the reduced bcoA and colonic butyrate concentration in WD-fed mice. In addition, the increased abundance of the Desulfovibrionaceae family, which generates hydrogen sulfide, a genotoxin and mucosal barrier-breaker, was positively correlated with serum LPS level in FXR KO mice [54, 55] . Moreover, the enriched Bacteroidaceae in FXR KO mice might increase the risk for development of intestinal inflammation [56] . Those findings may in part explain the systemic inflammation found in WD-fed FXR KO mice. Furthermore, WD-fed FXR KO mice had an increased abundance of secondary BA-generating baiJ in the fecal microbiota. Transplantation of butyrate-deficient feces led to an increased abundance of baiJ, while butyrate supplementation reduced it. These findings were also consistent with the changes of hepatic secondary DCA level. Together, the abundance of butyrate and secondary BA-generating bacteria is inversely correlated. inactivation-associated liver tumorigenesis can be prevented by using cholestyramine to deplete BAs [8] . The current study reveals the capability of butyrate in shifting individual BA levels such as DCA, which may be a realistic approach to prevent liver tumorigenesis. A high concentration of fecal DCA is found in obese individuals [57] . DCA induces a senescence-associated secretory phenotype of the hepatic stellate cells, which secrete inflammatory and proliferative factors [34] . In addition, DCA has proliferative properties by inducing nuclear NUR77 [58] . However, HDAC inhibitors can induce cytosolic NUR77 expression, leading to cancer cell apoptosis [59] . Due to the HDAC inhibitory effect of butyrate, it is possible that butyrate increases cytosolic NUR77 and has an anti-tumor effect. It would be interesting to further study the effect of butyrate in other health conditions that have dysregulated BA synthesis such as primary biliary cholangitis and primary sclerosing cholangitis.
Both WD intake and FXR deficiency increased hepatic β-MCA, and WD-fed FXR KO male mice had the highest concentration of β-MCA. The increased concentration of β-MCA in WD-fed FXR KO mice could be reduced by butyrate supplementation. Moreover, our data showed that increased hepatic β-MCA was positively associated with serum LPS level but negatively correlated with butyrate concentration. It is important to note that β-MCA can be detected in human urine [60, 61] . The regulatory mechanism of butyrate on hepatic β-MCA as well as the pathological and physiological impact of β-MCA warrants further investigation.
In conclusion, dysregulated BA synthesis-associated hepatic inflammation was accompanied by decreased butyrate-generating bacteria and reduced SCFA signaling, which can be reversed by butyrate supplementation. All of those changes are associated with shifts in BA profiles as well as BA-producing bacterial abundance. Thus, butyrate and BA-generating bacteria likely can affect each other's growth and expansion. Dietary intervention as well as probiotic intake can potentially be used to treat and prevent liver diseases including HCC. This notion is supported by a study that shows that a combination of Lactobacillus rhamnosus GG, Escherichia coli Nissle 1917, and heat-inactivated VSL#3 reduces the size of HCC in xenograft models by increasing the SCFA level in the gut [62] . It would be important to test the effect of different strains of butyrate-generating bacteria on regulating the BA profile and liver cancer prevention and treatment in the future. 
